A multitude of gene-specific transcription factors which activate or repress transcription of their target genes in a combinatorial fashion through their individual binding sites have been identified. Synergistic protein-protein and protein-DNA interactions among these proteins lead to a functional crosscoupling that allows a high degree of complexity, since the single regulators are individually regulated (see reference 58 for a review).
Members of the NF-B/Rel family are involved in the transcriptional regulation of a number of cellular and viral genes. Various hetero-and homodimers are formed between the five mammalian subunits p50, p52, p65 (RelA), c-Rel, and RelB, which bind with different affinities to a group of related NF-B DNA binding sites with the consensus sequence GGGRNNY YCC (17, 67) . These proteins share a stretch of 300 amino acids, termed the Rel homology domain (RHD), which is highly conserved among NF-B/Rel proteins, including the viral Rel homolog v-Rel and the insect developmental and immune control proteins Dorsal and Dif (see references 61 and 65 for reviews). The RHD is required entirely for DNA binding, whereas only its C-terminal part is required for dimerization. Only mammalian p65, c-Rel, and RelB contain transcription activation domains in their unique sequences located carboxy terminally to the RHD; p50 and p52 lack such domains. It is assumed that homodimers of the latter repress transcription and that they require nuclear cofactors, such as Bcl-3, to form ternary complexes which can activate transcription. Bcl-3 belongs to the IB gene family, which in vertebrates comprises IB␣, IB␤, IBε, and the precursor proteins for p50 and p52, p105, and p100, respectively. The cytoplasmic IBs bind to dimerized NF-B factors and thereby block their nuclear translocation until signaling processes lead to induced IB degradation and nuclear translocation of NF-B (see references 2, 4, 51, 61, and 65 for reviews).
All NF-B/Rel members have distinct physiological functions, as evident from the outcome of gene targeting experiments in mice (2) . Both differential regulation by IBs in the cytoplasm and differential interaction with other transcription factors in the nucleus are likely to establish specificity in the NF-B system. It is assumed that NF-B/Rel dimers exert specific functions through nonidentical DNA binding site preferences as well as through individual interactions with other promoter-bound gene-specific or basal factors (27, 53) . As one example, Sp1 elements are often found in the enhancers or promoters of NF-B-regulated genes, including those for human immunodeficiency virus type 1 (HIV-1), intracellular adhesion molecule 1, vascular adhesion molecule 1, or granulocyte-macrophage colony-stimulating factor 1 (23, 41, 55, 56) . Further examples are the promoters for the cellular genes encoding ␦ opioid receptor, interleukin-2 (IL-2) receptor alpha chain (IL-2R␣), manganese superoxide dismutase, NF-B2, tissue factor 1, preprogalanin, monocyte chemoattractant protein 1, c-Rel, and melanoma growth-stimulating activity (1, 3, 24, 33, 36, 47, 48, 60, 62, 64) .
The ubiquitous transcription factor Sp1 contains a threezinc-finger DNA binding domain and four transactivation domains (9, 10, 25) and binds to GC-rich sites (6, 8) . BTEB, Sp3, and Sp4 are related to Sp1 and share a highly conserved zinc finger domain (18, 19, 22) . Accordingly, Sp1-type GC (GGG GCGGGC) or GT (GGGTGTGGC) box DNA binding sites are also bound by these proteins.
In the HIV-1 long terminal repeat (LTR), the actions of NF-B and Sp1 are highly cooperative, involving effects on the DNA binding of both factors to their adjacent binding sites, resulting in increased transcriptional activation (45) . Furthermore, binding of Sp1 with either p50 or p65 induces establishment of the nucleosomal arrangement of HIV-1 LTR DNA (44) . A direct protein-protein association between Sp1 and NF-B could be demonstrated even in the absence of DNA. This interaction between Sp1 and NF-B requires the zinc finger region of Sp1 and an N-terminal part of the Rel homology domain of p65, i.e., the DNA binding domains of both factors (46) . It has been shown that most vertebrate NF-B/ Rel factors interact with Sp1. v-Rel increases transcription from promoters containing Sp1 sites by physically interacting with Sp1 (54) . The interaction of v-Rel with Sp1 required the N-terminal 147 amino acids of v-Rel. The interaction domain in Sp1 was found to be in the N-terminal region of Sp1 containing transactivation domains. In this study, an Sp1 mutant, lacking the zinc finger region, specifically bound to v-Rel, cRel, p50, p52, and p65 (RelA) (54) . At another level of functional cross talk, Sp1 regulates the p65 promoter, which, unlike the other genes encoding NF-B/Rel proteins, is not subject to autoregulation (59) .
Although Sp1 is widely regarded as a housekeeping-type nuclear transcription factor with constitutive activity and ubiquitous occurrence, both its expression and activity are subject to regulation. The expression levels of Sp1 vary dramatically during embryonal development and differentiation (49) . Several reports indicate modification of Sp1 activity in response to cellular signaling. It has been shown that okadaic acid treatment induces strong phosphorylation of Sp1 in the nucleus (63) , and dephosphorylation of Sp1 by protein phosphatase 1 is involved in glucose activation of acetyl coenzyme A carboxylase gene transcription (12) . Furthermore, cytomegalovirus infection enhances the Sp1 activation function on the NF-Bp65 gene promoter (66) . Gamma interferon induces phosphorylation and thereby increases DNA binding activity of Sp1 (50) .
We provide evidence for an unexpected level of functional coupling between Sp1 and NF-B. Sp1 binds with high affinity to a subset of NF-B DNA binding sites and thereby activates transcription. The interactions of Sp1 and NF-B with NF-B sites are mutually exclusive. Sp1 may serve to provide an increased basal expression of NF-B-dependent genes in the absence of nuclear NF-B. At elevated levels, Sp1 may also compete for the binding site and block access to some NF-B heteromers but not to others, and thus it may play a role in the determination of gene-specific functions of various NF-B homo-and heterodimers which have distinct affinities for various NF-B binding sites.
MATERIALS AND METHODS
Cell culture. Adherent HeLa cells were grown in Dulbecco's modified Eagle's medium (BRL/GIBCO)-1 mM sodium pyruvate-100 U of penicillin per ml-100 g of streptomycin per ml-10% fetal calf serum. Cells were stimulated with 1 to 25 ng of tumor necrosis factor alpha (TNF-␣; Biomol) per ml where indicated. Drosophila SL2 cells were cultured with Schneider's medium (GIBCO)-10% fetal bovine serum-10 U of penicillin-streptomycin per ml at 25°C without CO 2 in tightly closed flasks.
Plasmids and recombinant proteins. For prokaryotic expression, the pET system (Novagen) was used. pETp50(443) (amino acids 18 to 443) (30) was expressed in Escherichia coli BL21(DE3)pLysS and purified as described previously (40) . Recombinant Sp1, purified from HeLa cells infected with recombinant vaccinia virus containing the human Sp1 cDNA, was obtained from Promega. For luciferase reporter experiments, p309LUC and pmkB309LUC, containing P-selectin wild-type and mutant promoters, respectively (42) , were provided by R. P. McEver (University of Oklahoma Health Sciences Center). The Sp1 reporter plasmid pSp1HL was described by Hirano et al. (21) . In brief, six tandem Sp1 binding sites (KpnI-EcoRI sites) and the Ϫ45 to ϩ83 fragment of the HIV-1 promoter (EcoRI-HindIII sites) were inserted into KpnI-HindIII sites of PGV-B (Toyo Ink Co., Tokyo, Japan). The oligonucleotide sequences for the Ig-NF-B reporter plasmids were CAGTTGAGGGGACTTTCCCAGATCT AGTTGAGGGGACTTTCCCAG-3Ј (tandem immunoglobulin kappa chain [Ig] enhancer sequence) (2ϫ B-Luc) and CAGTTGAAGGGACTTTCCCA GATCTAGTTGAAGGGACTTTCCCAG-3Ј (2ϫ B-m1 Luc). These oligonucleotides were annealed to their complementary counterparts and replaced into KpnI/EcoRI sites of pSp1HL.
The pPacSp1 plasmid for Sp1 expression was kindly provided by G. Suske (University of Marburg, Marburg, Germany). pPacSp1⌬C (amino acids 83 to 611) and pPacSp1DBD (amino acids 612 to 778) were constructed from pPacSp1 by PCR using the appropriate primers. To construct vectors for expression of p50 and p65 in SL2 cells (pPacp50 and pPacp65), the Sp1 cDNA insert was removed from pPacSp1 by BamHI-XhoI cleavage and replaced by the PCR-amplified complete cDNA inserts of pECEp50 or pECEp65 (40) with BamHI-XhoI ends. For pPacBcl-3, the Bcl-3 cDNA insert from pcDNABcl-3 (40) was isolated by HindIII-XhoI cleavage. The fragment was cloned into the pPac vector via a BamHI-HindIII linker.
Antibodies. Rabbit anti-p65, anti-c-Rel, and anti-Sp1 antisera (sc-109, sc-272, and sc-59, respectively) were from Santa Cruz Biotechnology Inc. Rabbit antip50 serum was obtained from Rockland Inc.
Preparation of nuclear extracts. The cells were washed and resuspended in buffer A, and 0.125% Nonidet P-40 was added. The cells were left for 5 min on ice and centrifuged at 1,000 ϫ g for 10 min. The pellet was treated with buffer C for 15 min to yield the nuclear extract as described previously (39) .
Silver staining of recombinant proteins. Recombinant proteins were separated by sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE). Gels were preincubated in the fixing solution (50% methanol, 12% acetic acid) for 30 min with gentle shaking and then washed 4 times with distilled H 2 O (dH 2 O). Gels were incubated in 0.8% AgNO 3 for 15 min with gentle shaking and then washed three times with dH 2 O. After treatment with a aqueous solution containing 0.005% sodium citrate and 0.02% formaldehyde, gels were incubated in 10% acetic acid, washed with dH 2 O, and dried.
Immunoblots. Forty-microgram aliquots of nuclear extract were separated by SDS-PAGE. Prior to transfer, gels were equilibrated in ice-cold blotting buffer (25 mM Tris-HCl [pH 8.3], 0.01% SDS, 20% methanol). Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). All Western blots were analyzed by chemiluminescence (Tropix) as described previously (29) .
Electrophoretic mobility shift assay (EMSA). The following oligonucleotides were annealed to complementary strands, resulting in double-stranded probes with 5Ј-AATT and AGCT-3Ј overhanging ends on the top strand (Sp1) or with 5Ј-GATC overhanging ends on both strands (all other probes): Sp1 (5Ј-aattAC CGGGCGGGCGGGCTACCGGGCGGGCTagct), P-selectin (5Ј-gatcCGAAG GGGGTGACCCCTTGCC), IL-6 (5Ј-gatcCTCAAATGTGGGATTTTCCCATG AGTCT), Ig (5Ј-gatcCAACAGAGGGGACTTTCCGAGGCCATCTG), mutant Ig (5Ј-gatcCAACAGAGGGGACTTTCCGAGGCCATCTG), IL-2R␣ (5Ј-gatc CGGCAGGGGAATCTCCCTCTCC), H2K (5Ј-gatcCAGGGCTGGGGATTC CCCATCTCCACAGG), HIV proximal site (5Ј-gatcTCCGCTGGGGACTTTC CAGG), HIV distal site (5Ј-gatcAAGGGACTTTCCGCTGCAGA), and IL-2 (5Ј-gatcCTAACAAAGAGGGATTTCACCTACAT). The quantitated probes were 32 Determination of dissociation constants. K D values were determined by EMSAs as described by Meisterernst et al. (35) . Double-stranded oligonucleotide probes were end labeled with [␣-32 P]dATP and Klenow DNA polymerase. The DNA binding reactions were performed in the presence of poly(dI-dC) for 20 min at 30°C followed by EMSA analysis. The counts/minute values of gel areas corresponding to complexed and free DNA were determined with the BAS-2000 bioimaging analyzer.
Shift-Western blotting. DNA binding reaction mixtures contained 10,000 cpm of 32 P-labeled Ig probe and 10 g of nuclear extract protein in 20 mM HEPES (pH 8.4)-60 mM KCl-4% Ficoll-5 mM DTT-1 g of BSA-2 g of poly(dI-dC) in a total volume of 10 l. After 15 min at 30°C, the reaction mixtures were loaded onto 5% nondenaturing acrylamide gels. Shift-Western blotting was performed as described previously (13) . In brief, after electrophoretic separation, protein-DNA complexes were transferred onto stacked nitrocellulose and PVDF membranes. The radiolabeled probe that bound to the PVDF membrane was detected by autoradiography, whereas the proteins in the complexes that bound to the nitrocellulose membrane were detected by immunoblotting.
Transient transfection and luciferase assay. SL2 cells were transfected by calcium phosphate precipitation. Cells were plated in 60-mm-diameter collagencoated dishes at a density of 5 ϫ 10 5 cells/ml (5 ml) 24 h before transfection. Aliquots of 0.25 ml of 250 mM CaCl 2 , containing 16 g of plasmid DNA were added drop by drops to an equal volume of 2ϫ HeBS (16 g of NaCl, 0.7 g of KCl, 0.4 g of Na 2 HPO 4 , 2 g of dextrose, 10 g of HEPES [pH 7.1] [all quantities per liter]) in 12-well plates that were gently rocked by hand. After 30 min at room temperature, the suspension of calcium phosphate complexes was gently pipetted into the 60-mm-diameter dish. After 48 h, cells were harvested by vigorous tapping, centrifuged at 1,000 ϫ g, washed twice with phosphate-buffered saline, and resuspended in a lysis buffer for the luciferase assay system (Toyo Ink). Cells were sometimes prepared by freeze-thawing as an additional step, because cells were not destroyed by lysis buffer alone, followed by the protocol of the luciferase assay system.
RESULTS

Sp1 specifically interacts with a subgroup of NF-B binding sites.
A DNA binding complex that migrated more slowly than the NF-B DNA complex was occasionally detected in EMSAs with NF-B binding site probes and nuclear extracts of HeLa or Jurkat cells. For example, the expected NF-B complexes formed with an Ig probe in TNF-␣-treated HeLa cells could be supershifted with either the anti-p65 (RelA) or anti-p50 antibody (Fig. 1A, lanes 1 to 3, complex C2 , heterodimeric NF-B) or only with anti-p50 antiserum (complex C3, p50 homodimers), whereas an additional complex (C1) remained refractory to antisera raised against p50, p65, and c-Rel (lanes 2, 3, and 5). We have assayed this complex with a panel of antibodies against known transcription factors and found that an anti-Sp1 antibody specifically inhibited C1 (lane 1 versus lane 4). Similarly, complex C1 was also detected with a probe containing the B site of the IL-6 gene, using the same extract, and was supershifted with the anti-Sp1 antibody (Fig. 1B, lanes  3 and 4) . Complexes C2 and C3 were sensitive to anti-p50 and anti-p65 antibodies (not shown). An Sp1 binding site probe containing a consensus GC box and with the same length as the IL-6 probe showed an Sp1-DNA complex migrating like the C1 complex formed with the IL-6 probe (lanes 1 and 2). As expected, this complex was supershifted with the anti-Sp1 antibody (lanes 1 and 2) . It is further noteworthy that the efficiencies of Sp1 complex formation with both probes were similar (compare C1 in lanes 1 and 3). To further confirm that Sp1 binds to the Ig NF-B binding site, a DNA binding reaction was subjected to shift-Western blotting analysis (13) (see Materials and Methods for details). Nuclear extracts of untreated or TNF-␣-stimulated cells yielded C1 and C2 complexes on the DNA blot (Fig. 1C, lanes 1 to 3, open and solid arrowheads, respectively). Only C2 was induced by TNF-␣ (lanes 2 and 3), whereas C1 activity was weakened after stimulation. On the protein blots, the inducible complex could be identified as heterodimeric NF-B by blotting with either the anti-p50 or anti-p65 antibody (lanes 4 to 9). Only the upper complex reacted with the anti-Sp1 antibody (lanes 10 to 12). Thus, both cellular Sp1 and NF-B bind to the Ig site. The reduction of Sp1 activity upon activation of NF-B (Fig. 1C) suggests competition for the same binding site.
To assess whether Sp1 would recognize the conserved NF-B binding site motif or a part of it, complexes formed with the Ig binding site probe were challenged with competitor DNAs containing various NF-B binding sites with natural flanking sequences ( Fig. 2A) . Both Sp1 and p50-p65 complexes formed with nuclear extract from TNF-␣-stimulated HeLa cells were competed by an unlabeled Ig but not by a mutant Ig oligonucleotide that differed by only one base in the quadruplet G of the binding site motif (lane 1 compared to lanes 2 and 3). Furthermore, the Sp1-Ig complex was efficiently competed by oligonucleotides containing the NF-B binding sites of the major histocompatibility complex H2K gene, the IL-2R␣ promoter, the P-selectin promoter, the consensus Sp1 GC box, and the IL-6 gene promoter (lanes 4, 6 to 8, and 11). The HIV-1 LTR proximal site competed less efficiently, and both the distal LTR site and the IL-2 site were inactive (lanes 5, 9, and 10). As expected, all oligonucleotides except the Sp1 and P-selectin competitors (lanes 7 and 8) competed for NF-B complex formation. The P-selectin site is known to bind p50-p65 with much lower affinity than p50 homodimers (42) . Next, the various Sp1 and NF-B binding sites were used as radiolabeled probes and assayed with purified Sp1 from HeLa cells, bacterial p50, or nuclear extract from TNF-␣-stimulated HeLa cells (Fig. 2B) . Purified Sp1 strongly bound to the Sp1 GC box and to the P-selectin and IL-6 gene NF-B binding sites (lanes 1, 6, and 9) and with lower efficiency to the Ig, H2K, HIV proximal, and IL-2R␣ sites but not to the HIV distal or IL-2 site (lanes 2 to 5, 7, and 8). Recombinant p50 bound with comparable affinities to most NF-B binding sites, as expected, but with reduced affinity to the HIV distal site and not to the Sp1 binding site oligonucleotide (lanes 10 to 18). When testing nuclear extract from TNF-␣-stimulated HeLa cells, we found strong complex formation between Sp1 and the Sp1 GC box or the P-selectin and IL-6 binding sites (lanes 19, 24, and 27). Strongly impaired binding, however, was observed in this experiment with the other NF-B binding sites, possibly due to binding site competition of Sp1 with NF-B p50-p65. The latter bound efficiently to most NF-B sites, except for the IL-2 site, but not to the Sp1 site (lanes 19 to 27) .
The binding affinity of Sp1 to NF-B sites was dependent on 3) or with (lanes 2 and 4) Sp1 antibody. C1, C2, and C3 contain Sp1, p65-p65, and p50-p65 (not shown), respectively. (C) Shift-Western blotting of complexes formed with the Ig probe and nuclear extracts of adherent HeLa cells stimulated with TNF-␣ (10 ng/ml) for the indicated times. EMSA gels were sandwich blotted with a nitrocellulose membrane and then with a PVDF membrane, which were then analyzed by immunoblotting and autoradiography, respectively, to separately visualize bound proteins and labeled DNA of the complexes. The DNAs of two differently migrating complexes (open and solid arrowheads) (lanes 1 to 3) whose intensities were decreased and induced, respectively, upon TNF-␣ stimulation, were detected. The slower complex (open arrowhead) was detected by an Sp1 antibody (lanes 10 to 12), and the faster one (solid arrowhead) was detected by both p50 and p65 antibodies (lanes 4 to 9). Free DNA is not shown. the buffer conditions. When we used a buffer in the binding reaction previously used for Sp1 (31) , the affinity to NF-B sites compared to the GC box sequence was reduced (lanes 28 to 36 versus lanes 1 to 9), although the P-selectin and IL-6 sites were still bound efficiently (lanes 33 and 36). We tested the effects of various buffer components on complex formation of cellular Sp1 and p50-p65 in nuclear extracts or purified Sp1 with the IL-6 promoter site. In contrast to NF-B, cellular or purified Sp1 was strongly affected by EDTA (Fig. 2C , lanes 1 to 3 and 16 to 18), MgCl 2 (lanes 8, 9, 23, and 24), or glycerol (lanes 12, 13, 27, and 28). Both factors were sensitive to elevated salt concentrations (lanes 1 and 16 versus lanes 4 to 7 and 19 to 22). This sensitivity to various buffer components may explain why Sp1 was not detected in previous studies with NF-B binding site probes.
Sp1 and NF-B interact with the same DNA binding site in a mutually exclusive fashion. The ability of Sp1 to bind to several NF-B binding sites suggests that the conserved NF-B motif is recognized by Sp1. This possibility is also supported by the fact that a one-base mutation in the Ig site eliminates binding of Sp1 ( Fig. 2A) . Since NF-B almost wraps around the contacted DNA (16, 38) , little of the conserved DNA binding site is exposed to allow excess amounts of other proteins to the same site simultaneously. Therefore, it is likely that NF-B and Sp1 compete for the common binding site.
In fact, the Sp1 complex formed on the IL-6 probe with nuclear extracts from HeLa cells was replaced by NF-B p50-p65 after induction of the latter with TNF-␣ (Fig. 3A) . This loss of Sp1 complexes with the NF-B site was not due to effects of TNF-␣ on Sp1 DNA binding affinity or protein amounts (Fig. 3B) and thus should be due to binding site competition. Similarly, upon incubation of the Ig (Fig. 4A) or P-selectin (Fig. 4B ) site with purified Sp1 and increasing concentrations of recombinant p50, Sp1 complexes were diminished (lanes 2 to 6). Competition on the Ig site was more efficient than that on the P-selectin site, suggesting a higher relative affinity of Sp1 for the latter, consistent with its higher affinity for the P-selectin site observed in Fig. 2A and B. The protein amounts used for Sp1 and p50 were in comparable order, as shown by silver staining (Fig. 4C) .
The dissociation constants of Sp1 and NF-B to consensus Sp1 and NF-B binding sites are in the same order. We next determined the dissociation constants for the Sp1-and p50-p65 interactions with NF-B or Sp1 GC box binding sites by Scatchard analysis of quantitative EMSA using nuclear extracts of TNF-␣-stimulated and unstimulated extracts under the same experimental conditions (Fig. 5A) . The low-level nuclear NF-B activity detected in unstimulated HeLa cells with the IL-6 probe and the elevated NF-B activity after TNF-␣ stimulation revealed K D s in the nanomolar range of 1.2 ϫ 10 Ϫ9 and 1.3 ϫ 10 Ϫ9 M, respectively (Fig. 5A ). Sp1 bound to the IL-6 probe with K D s of 2.4 ϫ 10 Ϫ9 and 2.7 ϫ 10 Ϫ9 M in extracts of stimulated and unstimulated cells, i.e., with only twofold-lower affinity than NF-B. The K D s determined for Sp1 and NF-B with the P-selectin probe were almost equal, 1.6 ϫ 10 Ϫ9 and 1.4 ϫ 10 Ϫ9 M, respectively (Fig. 5C ). The consensus Sp1 GC box sequence revealed a dissociation constant of 7 ϫ 10 Ϫ10 M for Sp1. The affinity of Sp1 to its GC box has also been determined to values in the 10 Ϫ10 M range by others (32) . The order of the dissociation constants determined for the various sites matches very well with the relative affinities observed when the sites were used as probes (Fig. 2B ) or as competitors ( Fig. 2A ) (see Fig. 5D for summary). Our data thus indicate that Sp1 binds with a significant affinity to a subset of NF-B binding sites. This suggests that Sp1 should interact functionally with some NF-B binding sites and that the different relative bind- ing strengths expected for various NF-B hetero-and homodimers may determine that some can compete with Sp1 whereas others cannot. An inspection of the DNA sequences of the NF-B sites preferred by Sp1 did not reveal any obvious high similarity to Sp1 consensus sequences. Only the presence of the typical G 3 or G 4 stretch found in both halves of the palindromic NF-B sites is similar to the G richness of Sp1 sites (Fig. 5D ). Sp1 transactivates homologous and heterologous promoters through NF-B binding sites: functional interference between NF-B and Sp1. To assess a functional role for the interaction of Sp1 with NF-B binding sites, we constructed luciferase reporter plasmids containing tandem Ig-B sites in front of the HIV TATA box. These sites contained either the wild-type NF-B binding site or a one-base mutation in the first residue of the G 4 motif in the binding site (Fig. 6A) . These constructs were cotransfected with increasing amounts of an Sp1 expression vector into Drosophila SL2 cells, which are devoid of endogenous Sp1 (9) . Sp1 indeed strongly activated the promoter containing the wild-type B site in both a dose-dependent and B site-dependent manner (Fig. 6B) ; the mutant B site, with only one base mutated in the G 4 stretch, was only very weakly responsive. Under comparable conditions, the wild-type Ig-B site conferred a fourfold-higher activation by transfected p50-p65 compared to Sp1 (data not shown). We furthermore tested the P-selectin promoter and a mutant thereof containing only two base changes in its NF-B binding site (Fig. 6A) . Sp1 potently activated transcription of the wildtype promoter up to 40-fold (Fig. 6C) . In contrast, the mutant promoter was only weakly activated. Thus, Sp1 activates transcription through NF-B binding sites in both homologous and heterologous promoter contexts. Transcriptional induction by Sp1 was dependent on its transactivation domains and on the DNA binding domain. Activation was lost when Sp1 mutant proteins which either lacked the transactivation domains (in pPacSp1DBD) or the DNA binding domain (in pPacSp1DC) were expressed (Fig. 6D) .
The P-selectin promoter NF-B site preferentially binds homodimers of p52 or p50 and is superactivated by Bcl-3 (42) . Since binding of Sp1 or p50 should be mutually exclusive and p50 in fact displaces Sp1 from this site (Fig. 4B) , a functional interference between Sp1 and NF-B-p50 is expected. To address this problem, P-selectin promoter constructs with a wildtype or mutated NF-B site were transfected into Drosophila SL2 cells. Without transfected Sp1, transcription of both wildtype and mutant promoters was severely impaired and very poorly responded to p50 or to p50 and Bcl-3 (Fig. 6E, left half) . With transfected Sp1, the P-selectin promoter was strongly activated, and this activation was gradually decreased to the level of the mutant promoter when increasing amounts of p50 were transfected (Fig. 6E) . A strong activation could be retrieved by cotransfection of increasing amounts of Bcl-3 in a dose-dependent manner. In contrast, the mutant P-selectin promoter showed an elevated level of transcription in the presence of Sp1, presumably mediated by cryptic sites elsewhere in the promoter, but did not respond to p50 or to p50 and Bcl-3.
Thus, the P-selectin NF-B binding site can confer a complex transcriptional regulation, depending on the relative affinities and abundance of the activators. In the absence of p50 homodimers it can be constitutively activated by Sp1, depending on the amount of Sp1. With excess p50 it is repressed, and in the presence of p50 and Bcl-3 it is strongly induced (Fig. 7) .
DISCUSSION
We have found a previously unrecognized mechanism of functional interference between NF-B and Sp1. Cellular and recombinant Sp1 bind to a subset of NF-B binding sites, including the elements in the IL-6 and P-selectin promoters, with a high affinity. For the most strongly interacting sites, a similar dissociation constant was determined as for a bona fide GC box Sp1 binding site. Several experimental procedures were used to characterize the interaction between Sp1 and NF-B sites. We could place the relative affinities of Sp1 to eight different NF-B sites in comparison to a GC box Sp1 site into the same order when comparing them either as probes or as competitors or when determining the dissociation constants. Cellular or recombinant NF-B proteins competed with Sp1 for the binding site, implying overlapping base recognition of both factors. In transfected cells, Sp1 could stimulate transcription through NF-B sites, and cotransfection of Sp1 with NF-B-p50 indicated functional competition for the same site. Mutated NF-B sites used in in vitro binding assays or in transfection experiments further supported the conclusion that Sp1 recognizes an overlapping motif in the NF-B binding site. A one-base mutation in the Ig site affecting a G 4 motif at its third position abrogated DNA binding of both NF-B and Sp1. Mutation in the first position strongly diminished transcriptional activation by Sp1. Similarly, mutation of the second or third guanine in a G 5 motif in the P-selectin NF-B site fully eliminated functional interaction with both Sp1 and NF-Bp50. Despite the clearly overlapping features recognized by either Sp1 or NF-B, it is unclear how Sp1 recognizes these sites. The augmenting number of binding sites identified for Sp1 has led to the deduction of increasingly degenerate consensus sequences (7, 8, 11, 23) , but there is no perfect fit of these (e.g.,
[G/T][G/A]GG[C/A]G[G/T][G/A][G/A][C/T]) to
any of the NF-B sites preferentially bound by Sp1. In methylation interference experiments, we observed that methylation of all four G's in the G 4 motif of the Ig site top strand blocked binding of purified Sp1 (data not shown). It is therefore possible that consecutive strings of G residues in NF-B sites are part of a degenerate Sp1 site bound by one molecule. Alternatively, two Sp1 molecules may bind cooperatively to the NF-B site with contacts to the strings of G residues on both sites of the palindrome.
The K D s for Sp1 bound to known Sp1 sites determined in other studies via quantitative footprinting assays or EMSAs were between 4.6 ϫ 10 Ϫ10 and 3.1 ϫ 10 Ϫ9 M (20, 32) , in good agreement with our K D for a GC box Sp1 site (7 ϫ 10 Ϫ10 M) and close to the K D s that we measured for the Sp1 interaction with IL-6, P-selectin, or Ig NF-B binding sites (1.6 ϫ 10 Ϫ9 to 3.0 ϫ 10 Ϫ9 M). In contrast, the K D s reported for NF-B vary greatly, from 6.5 ϫ 10 Ϫ10 M to the extremely high affinity of 3 ϫ 10 Ϫ13 M (15, 30, 34, 67) . This wide range of affinities is largely due to the different experimental conditions chosen. In this study, we determined the relative dissociation constants of cellular Sp1 and NF-B measured under the same experimental conditions, e.g., in the presence of the same competitor DNA and the same buffer components. The K D s which we determined for p50-p65 were between 6 ϫ 10 Ϫ10 M (H2K site) and 1.4 ϫ 10 Ϫ9 M (P-selectin site). Recently, the crystal structure of p50 homodimers bound to a symmetrical NF-B binding site has been determined (16, 38) . The p50 homodimer wraps into the major groove, nearly enclosing the 10-bp binding site. Bases including all guanine residues in both half sites of the symmetrical binding site are contacted, and most of the binding site, except for a small part of the minor groove, is covered (16, 38) . Sp1 is assumed to interact with guanine residues in the major groove, covering 9 consecutive residues, as has been derived from methylation protection and X-ray data (6, 43) . The extended contacts made by Sp1 and NF-B thus exclude simultaneous binding. This is in contrast to the synergistic interaction of NF-B and the high-mobility-group protein HMG I(Y) at the virus-inducible enhancer element of the beta interferon gene (57) . HMG I(Y) binds to a central region in the NF-B site in the minor groove which is accessible in p50-DNA complexes (16, 38, 57) .
NF-B binding sites have been shown to be recognized by further transcription factors not belonging to the NF-B/Rel family, including PRDII-BF1 (also called MBP-1 or HIV-EP1) and other highly related proteins (14, 37) . PRDII-BF1 binds to NF-B sites and contains several zinc finger structures, including the C 2 H 2 type also found in Sp1. The functional role of PRDII-BF1 for the activity of NF-B sites in vivo is unknown, but studies with chimeric PRDII-BF1 proteins suggest that it may act as a repressor (37) . Furthermore, RBP-J, also called RBP or CBF1, the mammalian homolog of Drosophila Suppressor of Hairless, binds to certain NF-B sites and acts as a transcriptional repressor (26, 52) . Sp1 is thus the first case of a non-Rel transcriptional activator that binds to a subset of NF-B sites.
The recognition of subsets of NF-B sites by Sp1 provides a number of possibilities for combinatorial regulation (Fig. 7) . The interaction of these sites with Sp1 may raise the basal expression levels of NF-B-dependent genes in the absence of activated NF-B. Alternatively, it may provide a means to silence NF-B target genes by competition for the binding site without functionally contributing to the basal expression level. In the latter case, Sp1 could compete selectively with specific NF-B/Rel heteromers.
Although Sp1 is primarily regarded as a ubiquitous factor required in a variety of cell types for the activation of essential genes, both its expression levels and its activity are highly regulated. The expression levels of Sp1 vary strongly, up to 100-fold, in different tissues of the mouse as well as at different stages of development (49) . A potential physiological importance of the high binding affinities determined here for Sp1 to certain NF-B sites is therefore possible. In fact, single NF-B knockout experiments, such as for p65 (RelA) or c-Rel, have demonstrated that basal expression levels of NF-B target genes are not affected (5, 28) . Although this may be largely due to compensation effects between the various NF-B/Rel family members, the role of ubiquitous transcriptions factors such as Sp1 acting through certain NF-B binding sites may provide an additional explanation.
